I. INTRODUCTION
The design and development of low-cost but highly active and selective catalysts continues to be a major focus of efforts in materials chemistry. Cerium dioxide (CeO 2 , ceria), and ceria-based materials are widely exploited as exactly such catalysts in CO oxidation, 1 photocatalytic water splitting, 2 the water-gas-shift reaction, 3 solid oxide fuel cells, 4 and, increasingly, oxygen-radical scavenging in biomedical applications. 5, 6 As with all catalysts, the efficacy of ceria in catalyzing desirable reactions is driven by surface chemistry, and therefore depends strongly on the structure of ceria surfaces themselves. In general, the detailed atomic structure of ceria surfaces under reaction conditions is not well known, and the precise role of surface functional groups in controlling catalytic reactions is unclear.
As highly active ceria nanoparticles (CNPs) are generally synthesized and applied in aqueous or humid environments, the potential role of surface adsorbed hydroxyl groups is highly relevant, particularly with reference to ceria-catalyzed reactions involving water-related species. 7 Experiments using Fourier transform infrared spectroscopy (FTIR) and thermogravimetric analysis with mass spectroscopy (TGA-MS) have previously verified the presence of surface adsorbed hydroxyl groups on CNPs, and estimated their binding energies and surface densities. [8] [9] [10] These techniques, though, are not able to directly reveal the structure of hydroxyl-covered ceria surfaces, 11, 12 nor the chemistry controlling the adsorption, distribution, and stable surface densities of hydroxyl groups as a function of environmental conditions. Quantum mechanical calculations of atomic structures and formation energies have been widely applied to study the structures and enera) Electronic mail: m.beck@uky.edu. getics of ceria surfaces, 13, 14 and can be combined with experimental synthesis and characterization methods, as well as thermochemical data, to address these limitations.
Here we report experimental measurements of the surface density of hydroxyl groups bound to ∼30 nm CNPs as well as quantum mechanical calculations of the density and distribution of both -OH and -O x surface groups at surfaces of similar small CNPs. Calculated structures and charge densities imply that the equilibrium density of bound surface groups is dictated by a balance between (i) formal positive charges on Ce atoms and (ii) formal negative charges on "bulk" O atoms as well as any adsorbed surface groups. This allows the formulation of a set of scaling relationships for predicting the density of bound hydroxyl surface groups as a function of CNP size and functional group configuration. For systems where only hydroxyl surface groups are present, predicted surface group densities for the ∼30 nm CNPs synthesized here are ∼33% higher than experimentally measured densities. Allowing for the presence of surface groups other than hydroxyl groups rectifies this discrepancy.
Combining calculated formation energies with previously tabulated thermochemical data, we therefore construct a phase diagram for CNP surface configurations containing both -OH and -O x surface groups as a function of O and H chemical potentials. In neutral oxygen-and water-containing environments, O and H chemical potentials are determined by the temperature (T), O 2 partial pressure (p O 2 ), and H 2 O partial pressure (p H 2O ) in effect during CNP synthesis or application. Based on the values of these parameters during their synthesis, the ∼30 nm CNPs studied here are predicted to have mixed -OH and -O x surface configurations, and accounting for this brings the computationally-predicted and experimentally measured surface hydroxyl group densities into quantitative agreement. These results highlight the importance of environmental conditions in controlling the density and distribution of surface groups bound to small CNPs. In turn, this suggests that intrinsic CNP surface functionalizations can be tuned by manipulating environmental conditions (namely T, p O 2 and p H 2 O , as considered here, as well as pH, etc.) within experimentally accessible ranges.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Synthesis and characterization of CNPs
We have synthesized small CNPs via the hydrothermal method developed by Mai et al. 15 Cerium nitrate hexahydrate (Ce(NO) 3 · 6H 2 O, Puriss, Fluka Analytical) was used as the cerium source. 1.737 g Ce(NO) 3 · 6H 2 O (0.004 mol) was dissolved into 10 ml ultra deionized water and stirred for 10 min. 16.8 g NaOH was dissolved into 70 ml ultra deionized water and stirred for 10 min to form 6 mol L −1 solution. The NaOH solution was cooled to room temperature before other use. Then, Ce(NO) 3 was added dropwise into NaOH solution under constant stirring. The mixture was stirred for 30 min with the formation of a milky slurry. It was then transferred to a teflon bottle and packed into a stainless steel autoclave. The autoclave was heated to 180
• C for 24 h. The resulting white precipitate was separated by centrifugation, washed with water three times and ethanol twice, followed by drying at 75
• C in air overnight. The final product is yellowish powder, which is stable during storage.
For determining the primary particle size of synthesized CNPs, both transmission electron microscopy (JEOL-2010), and scanning electron microscopy (Hitachi-4300) were employed. The dried powders were also characterized by thermogravimetric analysis (TGA 7, Perkin Elmer) to obtain the change of their weight as a function of temperature. The ceria sample was heated in a nitrogen environment from 30
• C to 110
• C at 10 • C min −1 , held at 110
• C for 30 min to remove physisorbed solvent and water, then heated to 720
• C at 10
• C min −1 . The empty pan was also heated under the same conditions as background.
The X-ray diffraction (XRD) was used to characterize the crystal structure of synthesized CNPs. The dry ceria powder was dispersed in ethanol. Some drops of dispersion were placed on glass slide. After the ethanol evaporated, the thin ceria film was characterized by X-ray diffraction on Siemens D500 X-ray diffractometer, using Cu K α radiation with 2θ from 10
• to 80
• at scan rate of 2 • min −1 and step size of 0.05
• . FTIR, Thermo Nicolet Nexus 470 ESP was used to detect the functional groups at the surface of the as-synthesized ∼30 nm CNPs. Potassium bromide (KBr, Fisher Scientific) was used as pellet material. All samples and KBr were heated in a vacuum oven at 120
• C for 1 h to remove any adsorbed water. 3 mg of as-synthesized ceria were mixed with 600 mg KBr. 60 mg of the mixture was pressed to produce the pellets. After the pellets were produced, they were heated at 120
• C for 5 min to remove the water adsorbed during the preparation of pellets. The pellets were scanned by infrared spectroscopy from 400 cm −1 to 4000 cm −1 in dry air environment. The result shown in Figure 4 (b) are in the adsorption format.
Thermogravimetric analysis (TGA 7, Perkin-Elmer) was used to obtain the change of as-synthesized CNPs weight as a function of temperature. During synthesis of CNPs, some Ce(OH) 4 is always formed. It will dehydrate, so it can influence the TGA result. The dried ceria powder was heated at 500
• C for 2 h to remove the Ce(OH) 4 since it decomposes from 150
• C to 450 • C. 16 Then the sample was kept in saturated water vapor for 48 h to repopulate the surface with hydroxyl groups. The final sample was named "neat ceria" and was characterized in a nitrogen environment using the same TGA procedure as for dry powders.
B. Computational methods and models
The structure and properties of small CNPs were calculated using the planewave density function theory code VASP. 17 Exchange and correlation were described at the level of the generalized gradient approximation (GGA), using the Perdew-Burke-Ernzerhof (PBE) formalism. 18 The Ce 4f5s5p5d6s, and O 2p2s electrons were treated as valence electrons, and core-electron interactions were modeled using the projector-augmented wave method. 19 The Hubbard U correction as formulated by Duderev 20 was applied to the Ce 4f electrons with U = 5 eV. 21 The electronic wavefunctions were expanded in plane waves with a kinetic-energy cutoff of 400 eV. Reciprocal-space summations were performed at the -point. All considered structures were relaxed without symmetry restrictions according to the calculated interatomic forces until maximum residual atomic forces were less than 0.04 eV Å −1 and total energies were converged to within 10 
Here, E CNP V ASP (n Ce ) is the calculated ground state energy of CNPs with n Ce Ce atoms at T = 0 K. Note that n O includes both "bulk" O atoms within the CNP and any additional O atoms present at the surface. In addition, μ O and μ H are the chemical potentials of O and H atoms, respectively. They are fixed by the environment surrounding the CNP.
For clarity, in this study we reference the formation energy of various CNPs to that of bulk CeO 2 with an equivalent number of Ce atoms. This gives an excess formation energy, E CNP ex , which, if negative, would imply that the CNP structure considered is more stable than bulk CeO 2 in a given environment-where μ O and μ H are determined by the environment specified. More generally, the lower the excess formation energy of a particular CNP configuration for particular values of μ O and μ H , the more stable that configuration is compared to other CNP configurations,
In an environment containing O 2 gas and H 2 O vapor, we can directly connect μ O and μ H to experimental thermochemical data (e.g., following Ref. 22 ). The O chemical potential is defined as
V ASP is the ground state energy of O 2 gas at T = 0 K with the same calculation parameters used for the
is the experimentally measured chemical potential (including vibrational and rotational contributions) at T and standard pressure. p O 2 is the actual partial pressure of O 2 gas present in the system of interest. Equation (4) At thermodynamic equilibrium and neutral pH, μ H , and μ O must be related by
Thus, in a gas phase environment containing O 2 gas and H 2 O vapor, we have
Combining Eqs. (4) and (7), we write the chemical potential of H as
Combining Eq. (8) 23 Chemical potential values for temperatures not directly tabulated were linearly interpolated from values at the nearest tabulated temperatures.
In sum, the above equations give values for μ H and μ O that can be used in Eq. (3) to determine experimentally relevant excess formation energies for various CNP structures directly from knowledge of the T, p O 2 and p H 2 O of an experimental system of interest. In this way, we combine DFT+U calculated structures and energies with thermochemical data to determine the relative stability of CNPs in environments containing O 2 gas and H 2 O vapor.
C. Construction of initial CNP structures for DFT calculation of ground state configurations
The supercell approximation is used here to model isolated CNPs. In this approximation, a finite computational box (the supercell) is extended to infinity under periodic boundary conditions. The supercell contains a single nanoparticle surrounded by a vacuum layer. All nanoparticle structures considered here are built from cubic fluorite CeO 2 bulk unit cells. The CeO 2 unit cell exhibits Fm3m symmetry, and contains 8× 1 8 Ce atoms at the cell corners, 6 × 1 2
Ce atoms at the cell faces, and 8 O atoms within the unit cell ( Figure 1(a) ). This unit cell is repeated in the three principal directions to construct a CNP of arbitrary size ( Figure 1(b) ). Cubic {001}-terminated CNPs are considered, consistent with transmission electron microscopy (TEM) images of the experimental samples (see below). Calculation supercells contain a ∼1 nm, 32 Ce atom, CNP exhibiting 6 {001} facets. To ensure no interaction between CNPs in neighboring supercells, a vacuum layer of ∼1.5 nm surrounds each CNP (Figure 1(c) ). A CNP "core" consisting of 32 Ce atoms and 27 "internal bulk" O atoms is present in each considered CNP, and a range of different combinations of -O x and/or -OH surface groups are placed at surface O lattice sites (Figure 1(d) ). It is important to note that the use of fully quantum mechanical DFT calculations means that Ce 3 + and Ce 4 + cations need not be identified a priori. All calculation supercells are constructed to be net neutral (that is, they exhibit no net charge). For a given atomic arrangement the present calculations solve for a minimum-energy distribution of valence electrons. Once this distribution has been computed, local charges can be assigned to specific atoms 24 allowing the actual charge state of each atom to be determined as an output of DFT calculations. In addition, knowledge of the distribution of electrons allows the net Coulomb forces acting on each nucleus to be calculated. By moving the nuclei according to these interatomic forces, the ground state atomic arrangement can also be determined. Therefore, initial atomic arrangements are allowed to relax to their ground state structures, and all reported CNP energies are for (local) minimum energy atomic configurations. These structural relaxations are not constrained to any symmetry, and all relaxations retain the core cubic fluorite bulk structure within the CNPs.
Finally, it should be noted that the stable (low energy) oxidation state(s) of CNPs is (are) not assumed or constrained in the present calculations. The oxidation state of a CNP in a particular environment is directly determined by the energy cost of anions from the environment balanced against the energy variations of the CNP itself versus oxidation state. That is to say, when the cost of anions in, e.g., a reducing environment, exceeds the energy penalty for the creation of a Ce 3 + cation, the stable CNP (with lowest excess formation energy) will be reduced (non-stoichiometric). The energy difference between Ce oxidation states is included in (and, in fact, not separable from) E CNP V ASP , above. Numerous reports demonstrate that the DFT+U method employed here accurately assesses this energy difference. [25] [26] [27] In combination with the definition of E CNP ex (Eq. (3) above), which includes experimentallyrelevant O and H chemical potentials (μ O and μ H ), it is therefore not only possible to determine the stable arrangement of atoms in CNPs at fixed oxidation states, but also to determine the stable oxidation state of CNPs in a given environment (that is, for given values of μ O and μ H ).
In the present calculations, we cannot consider fully arbitrary environments, but are limited to gas phase environments containing only O 2 and H 2 O. We have also focused on one particular CNP shape, the {001}-terminated CNP cube, as this is the primary shape shown to be present in TEM images of the experimental samples considered. All CNPs considered here retain cubic fluorite structures after relaxation, again, consistent with experimental analyses of the reference samples. Therefore, within the above limitations, we reproduce experimental conditions to the extent possible while not assuming particular surface configurations or particular oxidation states. These CNP properties are rather solved for as a function of external conditions.
III. RESULTS AND DISCUSSION
A. The morphology of synthesized ∼30 nm CNPs Figure 2 shows the shape and morphology of assynthesized CNPs. Scanning electron microscopy (SEM) shows that as-synthesized CNPs are primarily cubic, with typical sizes ranging from 20 to 40 nm, but also including some CNPs as small as 10 nm and as large as 100 nm. A closer examination via TEM further confirms that assynthesized CNPs are primarily cubic. The crystal structure of as-synthesized CNPs is revealed through XRD analysis. The XRD pattern shown in Figure 3 reveals that the angle and intensity pattern of diffraction peaks are in agreement with those of the face-centered cubic (fluorite) structure of CeO 2 powder (Cerianite, JCPDS 34-0394) with indexed peaks corresponding to (111), (200), (220), and (311) planes. In addition, the observed sharp and strong diffraction peaks suggest that CNP samples were highly crystalline. It is worth noting that the XRD data do not show the (002) Ce(OH) 3 peak at 2θ = 48
• . 28 This effectively rules out the possibility of Ce(OH) 3 (an independent compound, different from Ce 3 + cation within CeO 2 ) present in our samples.
B. Experimental measurement of hydroxyl surface group density on CNPs
Thermogravimetric analysis (TGA) was conducted on as-synthesized CNPs to experimentally estimate the number of hydroxyl groups adsorbed on the CNP surfaces. Figure  4 (a) shows representative weight loss from "neat" CNPs as a function of temperature. A total of 0.18% weight loss was observed for temperatures up to 110
• C, and this loss was attributed to the desorption of physisorbed water from CNP surfaces. Between 110
• C and 720
• C, the total weight loss in the temperature range was 0.50% and there was nearly no change of weight above 700
• C. It suggested that 0.50% weight loss can only come from the dehydration of chemically bound hydroxyl groups at the surface of neat CNPs.
Annealed neat CNPs have also been characterized with FTIR, and typical results are shown in Figure 4 (b). FTIR confirms the presence of surface hydroxyl groups, with the broad peak from 3750 cm −1 to 3000 cm −1 and the narrow peak centered at 1600 cm −1 corresponding to the stretching (ν-OH) and in-plane bending vibration (δ-OH) of hydroxyl groups, respectively. 7 The inverted double peak around 2350 cm
is attributed to trace CO 2 , though the absence of any peaks at 1750 cm −1 suggests that no carboxylic surface groups are present.
Given that XRD has excluded the presence of Ce(OH) 3 and TGA has excluded Ce(OH) 4 , FTIR-detected hydroxyl groups can be identified as surface adsorbates. Therefore, the surface density of chemically bound hydroxyl groups ( exp OH , nm −2 ) can be estimated as the ratio of the number of hydroxyl groups lost per unit mass of CNPs (n OH , g −1 ) to the CNP surface area per unit mass (S, nm 2 g −1 ), where
Here the desorption of one H 2 O molecule corresponds to the removal of two hydroxyl groups, accounting for the factor of two in the numerator for n OH . Further, N A is Avogadro's number, W H 2 O the mass fraction of water removed between 110
• C, M H 2 O the molecular weight of water, W f inal the mass fraction remaining after TGA (that is, the mass fraction of neat CNPs), a the average size of CNPs (here, 30 nm), and ρ the density of bulk CeO 2 (7.65 g cm −3 ). This gives an estimate of exp OH = 12.9 chemically bound hydroxyl groups per nm 2 of CNP surface.
C. Computational prediction of surface group density on OH-terminated ∼30 nm CNPs
Calculated surface group density on ∼1 nm CNPs
While FTIR and TGA can be used to confirm the presence of and estimate the surface density of adsorbed hydroxyl groups on CNPs, these techniques provide limited insight into the structural arrangement of these hydroxyl groups, or the chemical and physical parameters leading to particular observed surface densities. To probe these issues, initial cubic CNPs with different surface configurations were constructed (see details in Sec. II C) and relaxed to their lowest energy configurations using quantum mechanical calculations based on DFT. It should be noted that, unlike orbital-based DFT calculations in which the presence and arrangement of Ce 3 + and Ce 4 + cations must be known and specified a priori, such information is an output of planewave DFT calculations. Specifically, Bader charge analysis, 24 an analytic procedure by which electron charge density is assigned to nearby atoms, can be used to determine the charge states of individual atoms given the DFT-calculated electron density. 
Scaling ∼1 nm results to predict surface group densities on hydroxyl-terminated ∼30 nm CNPs
Considering cubic CNP structures with sizes of 1 nm, 1. figure (Figure 7 ).
− 1)
3 ) are balanced with surface hydroxyl groups each contributing a formal charge of −1, we may calculate the surface hydroxyl density,
In the limit of large CNPs (N → ∞), therefore, fully oxidized and hydroxylated CNPs have calc OH = 16, or one -OH group per {001} oxygen lattice site. This is intuitively correct, as {001} surface anion lattice sites are four-fold coordinated, with half the cation neighbors of bulk anion sites. Finite-sized CNPs, particular those with sizes ∼30 nm and smaller, have lower surface hydroxyl group densities, even when fully oxidized. Specifically, the surface density of bound hydroxyl groups as a function of CNP size is predicted to be 12.3 nm
for ∼1 nm CNPs, and 15.8 nm −2 for CNPs with side lengths of ∼30 nm (see yellow curve in Figure 6 ). Therefore, based on results for OH-terminated ∼1 nm CNPs, calculations predict a surface hydroxyl group density of 15.8 nm −2 for ∼30 nm CNPs, a surface density ∼33% higher than the experimentally measured value of 12.9 nm −2 . Partial reduction of such CNPs can reduce the surface density in proportion to the percent of Ce 4+ cations reduced to Ce 3 + . Achieving quantitative agreement between calculated and experimentally observed surface hydroxyl densities entirely through CNP reduction, therefore, would require that ∼33% of Ce 4+ cations be reduced to Ce 3 + .
D. Accounting for mixed -O x and -OH surface terminations for small CNPs
Determination of stable mixed termination surface structures for ∼1 nm CNPs
Scaling calculated surface group densities from ∼1 nm OH-terminated CNPs yields predicted surface hydroxyl densities that are ∼33% higher than the experimentally measured densities ( calc OH = 15.8 nm −2 > exp OH = 12.9 nm −2 for ∼30 nm CNPs). This discrepancy can be attributed to a number of factors, including (i) kinetic limitations preventing removal of all hydroxyl groups (arising because at low surface densities, -OH removal is limited by the requirement that two bound -OH groups combine to form the desorbing species, H 2 O), (ii) misidentification of some chemically bound surface hydroxyl groups as physisorbed (as noted above, we have assumed that all mass loss during TGA occurring below 110
• C is solely due to physisorbed surface species), (iii) the possibility that at finite temperature as-synthesized CNPs are not fully oxidized (as is the case for bulk ceria samples, see examples 29, 30 ), or (iv) that more tightly bound surface species other than hydroxyl groups are present on as-synthesized CNPs.
While all of these effects are likely influencing the measured surface areal density of hydroxyl groups reported here, the last explanation-that surface species other than hydroxyl groups may be present on as-synthesized CNPs-highlights the fact that CNPs are generally synthesized and applied in environments where both O 2 gas and H 2 O vapor are abundant. This suggests that O-containing species other than hydroxyl groups, e.g., -O, -O 2 , and/or -O 3 groups, may be present as surface adsorbed anions, reducing the effective density of surface -OH groups. By constructing atomistic systems containing both -OH and -O x surface groups, we have calculated the relative stability of CNPs with mixed -OH/-O x surface terminations. stability of these various surface configurations is determined as above from Eqs. (3), (4), and (8) .
In calculating the excess formation energies of CNPs with various surface configurations, we invoke the fact that in an equilibrium phase environment containing both O 2 O (that is, the measured conditions under which a CNP is synthesized or applied) can be mapped into chemical potential values that define an experimentally relevant range of conditions. The mapping of environmental conditions (T and p) in chemical potentials is nonlinear, and defined by Eqs. (4) and (8) . To facilitate use of the phase diagram in Figure 7 , a web-based tool implementing Eqs. (4) and (8) has been made available to convert experimental conditions to chemical potentials (see http://www.engr.uky.edu/~beck/mu-calc.html). The tool allows input of T, p O 2 , and p H 2 O values and returns μ O and μ H values for the specified condition. In this way, the computationally-predicted stable surface termination for any given experimental conditions can be determined directly from Figure 7 .
Considering Figure 7 itself, we note that within the upper half of the phase diagram |μ O | is high, and stable CNPs are terminated solely with hydroxyl groups (structures indicated by warm colors in Figure 7 , also see atomic structures in Figure 5 ). In contrast, within the lower half of the phase diagram, where |μ O | is low, stable CNPs exhibit mixed -OH/-O x terminations (structures indicated by cool colors in Figure 7 , also see atomic structures in Figure 8 ). Low-energy mixed-termination CNP structures have adsorbed -O 2 and -O 3 surface groups preferentially adsorbed at CNP edges and corners, as shown in Figure 8 . Based on Bader charge analysis, the oxidation state of -O x surface groups can be determined by the same procedure applied above for -OH-only terminations. For the Ce 32 Figure 7 . Further, the temperature constraints limit the accessible phase space to that enclosed by the white trapezoid abcd-precisely the chemical potential range within which transitions in the stable CNP surface termination are concentrated.
Previous calculations on bulk-terminated ceria slabs and nanoparticles have shown that subtle changes in atomic positions can lead to different minimum energy arrangements of 3+ and 4+ charge states on Ce cations. 31, 32 These variations have been shown to result in up to a 0.03 eV per Ce atom (0.03 eV/Ce) change in the total energy of bulk-terminated CNPs. 32 While direct calculation of the energies of different 3+/4+ charge state rearrangements in partially reduced CNPs is beyond the scope of the present paper, we note that (i) energy effects of the magnitude reported for varying arrangements of 3+/4+ Ce cations in CNPs (0.03 eV/Ce 32 ) will not appreciably alter the phase stabilities reported in Figure 7 , and (ii) such effects are only applicable to partially reduced CNPs.
In terms of experimental synthesis conditions, when H 2 O vapor is the major source of H (as assumed here), pure OHterminated CNPs can be fabricated by constraining temperatures to below 350
• C and handling CNPs under relatively high partial pressures of H 2 O vapor (e.g., ambient humidity levels). In contrast, mixed -OH and -O x terminated CNPs are expected from synthesis occurring above 350
• C and under relatively low partial pressures of H 2 O (e.g., dry air). In addition, increasing p O 2 (e.g., to greater than 1 atm) favors the formation of mixed -OH and -O x -terminated CNPs, and increasing temperature generally leads to reduced numbers of hydroxyl groups and increased numbers of -O x surface groups at the surface of CNPs.
Surface hydroxyl density as a function of CNP size for OH+O x -terminated CNPs
Accounting for negative charges provided by -O x surface groups in addition to hydroxyl groups (e.g., as in the 
For the experimental conditions used to synthesize 20-40 nm CNPs in this study (finally dried at T = 75
• C and p O 2 = 0.2 atm p H 2 O = 10 −7 atm), μ O is calculated as −4.78 eV and μ H as −5.30 eV. These chemical potentials are predicted to yield a Ce 32 O 120 H 40 structure with mixed surface termination (see Figure 8) , which, due to the presence of -O x surface groups, is expected to have a lower effective surface density of hydroxyl groups than pure -OH terminated CNPs. This is consistent with the fact that computationally predicted -OH surface densities on the ∼30 nm CNPs are ∼33% higher than measured values for experimentally synthesized CNPs. Applying Eq. (13), we find that ∼30 nm CNPs with surface terminations consistent with the Ce 32 O 120 H 40 structure are predicted to have calc OH ≈ 12.5 adsorbed hydroxyl groups per nm 2 (see cyan curve in Figure 6 )-extremely close to the experimentally measured value of exp OH =12.9 nm −2 .
IV. CONCLUSION
Experimental characterization of small CNPs reveals the presence of adsorbed -OH groups at CNP surfaces, but cannot reveal the atomic scale arrangement of adsorbed surface groups. Atomistic quantum mechanical calculations have been used to determine these configurations. Assuming -OH as the only surface functional group present at CNP faces, edges, and corners results in computationally-predicted surface hydroxyl group densities ∼33% higher than experimentally measured densities. This discrepancy can be rectified by considering the possibility that both -O x and -OH surface functional groups are present. Combining calculated excess formation energies of mixed -OH/-O x terminated CNPs with previously tabulated thermochemical data yields a phase diagram for CNP surface functionalizations as a function of O and H chemical potential. These results demonstrate that tuning the environmental conditions under which CNPs are synthesized and/or applied can have a significant impact on the surface termination of small CNPs. For conditions involving O 2 gas and H 2 O vapor, we have shown that the distribution of surface adsorbed -OH and -O x groups can be varied by changing the temperature and partial pressure of O 2 gas and H 2 O vapor. These results not only provide an initial map for the design of CNPs with controlled surface terminations, but demonstrate that combined computational and experimental studies can be leveraged to reveal the detailed structure and properties of small CNPs.
